
AD-A258 827

NOZZLE/COWL OPTIMIZATION
FOR A HYPERSONIC VEHICLE
ON A TYPICAL TRAJECTORY

THESIS DT C T

Michael J. Bonaparte ELECT E

AFIT/GAE/ENY/92D-10 j[\N 0 6 1993 L
A fE

Approved for public release; distribution unlimited



AFIT/GAE/ENY/92D-10

NOZZLE/COWL OPTIMIZATION FOR A HYPERSONIC

VEHICLE ON A TYPICAL TRAJECTORY

THESIS

Presented to the Faculty of the School of Engineering

of the Air Force Institute of Technology

Air University

In Partial Fulfillment of the

Requirements for the Degree of

Master of Science in Aeronautical Engineering Accesion For

NTIS CRA&I
DTIC TAB
Unannourced
Justification

Michael J. Bonaparte By

Disti ibution I
Availability Codes

Avail and/for
Dist Specialw •December 1992

• 0Approved for public release; distribution unlimited

ID

93 1 04 015



Acknowledgements

I want to thank Captain John Doty for his patience and guidance as I undertook

this research. His thought provoking comments and assistance helped me to organized

and present the ideas and results of this work.

I also want to thank my children, Michelle, Maria, and Denise, for giving me the

time necessary to complete this task. Finally, I want to express my deepest gratitude to

my wife, Yvonne, for her never ending support of my efforts. With her positive attitude

of my abilities and her encouragement to carry me forth, this task is now completed in

her honor.

ii



Table of Contents

page

A cknow ledgem ents ............................................. ii

Table of Contents .............................................. iii

List of Figures ................................................. v

List of Tables ................................................ vii

List of Sym bols .............................................. viii

A bstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

I Introduction .............................................. 1

1.1 P urpose . . . . . .. . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 B ackground ....................................... 1

1.3 M ethodology ...................................... 3

H Analytic Development and Methodology ......................... 6

2.1 Governing Equations ................................. 6

2.1.1 Thermodynamic M odel .......................... 6

2.2 Coordinate Transformation ............................. 7

2.3 Numerical Algorithm ................................. 7

2.4 Thrust Calculation ................................... 9

2.5 Optimization Process ................................. 9

2.6 Parameter Selection - Initial Values ....................... 13

2.7 Code M odifications .................................. 13

III Prelim inary Procedure ...................................... 25

iii



3.1 The Traiectory ..................................... 25

3.2 Internal Flow - Ramiet Performance Analysis Program ......... 28

3.2.1 RamJet Performance Analysis Assumptions and Input
Param eters . ................................... 29

3.2.2 RJPA Output ................................. 31

3.3 External Flow . ...................................... 33

IV Results and Discussion ..................................... 36

4.1 Introduction ....................................... 36

4.2 Baseline - One Parameter Optimization .................... 37

4.3 Cowl Deflection Effects ............................... 38

4.4 Two Parameter Optimization ........................... 41

4.5 Cowl Length Effect on Thrust .......................... 45

V Conclusions and Recommendations .... ......................... 61

5.1 C onclusions ....................................... 61

5.2 Recommendations for Further Study ...................... 62

Bibliography . ................................................. 64

Vita .. ....................................................... 66

iv



List of Figures

Figure 1-1 Typical hypersonic vehicle (Doty, 1991:5) ................... 4

Figure 1-2 Expanded view of nozzle and cowl section (Doty, 1991:6) ....... 5

Figure 2-1 General property distribution and Riemann representation (Doty,
199 1:16) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16

Figure 2-2 Riemann wave pattern (Doty, 1991:174) ................... 16

Figure 2-3 Circular arc and nozzle geometry (Doty, 1991:46) ............. 17

Figure 2-4 Examples of possible cowl configurations (Doty, 1991:23 1) ...... 18

Figure 2-5 Representative total thrust curves at constant cowl deflection ..... 19

Figure 2-6 Quadratic fit of thrust curve to determine maximum thrust ....... 20

Figure 2-7 The effect of nozzle attachment angle on wall thrust for Mach
number 15.0 (Herring, 1991:90) ......................... 21

Figure 2-8 The effect of cowl deflection angle on total wall thrust for Mach
number 15.0 and nozzle attachment angle 20.6 degrees (Herring,
199 1:98) . ......................................... 22

Figure 2-9 Angle on quadratic curve at minimum value projected toward
maximum thrust value . ................................ 23

Figure 2-10 Total thrust curve with plateau .......................... 24

Figure 3-1 The hypersonic trajectory. The relationship between Mach
number and altitude for a constant dynamic pressure, q = 1000
psf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 28

Figure 3-2 Ramjet cycle analysis regimes .......................... 31

Figure 3-3 Oblique shock wave from vehicle interaction with free stream
(D oty,1991:174) .................................... 34

Figure 4-1 Static pressure contours, cowl deflection = 0 deg ............. 53

Figure 4-2 Static pressure contours, cowl deflection = - 5 deg ............ 54

v



Figure 4-3 Static pressure contours, cowl deflection = + 5 deg ............ 55

Figure 4-4 Nozzle wall pressure distributions for cowl deflections at Mach
15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Figure 4-5 Normalized thrust at various nozzle/cowl configurations, Mach

15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 7

Figure 4-6 Nozzle wall pressure distribution for optimal nozzle/cowl ....... 58

Figure 4-7 Two parameter optimization nozzle attach and cowl angle trends
over the trajectory ................................... 59

Figure 4-8 Normalized thrust over the trajectory - two parameter
optim ization ....................................... 60

vi



List of Tables

Table 3-1 Freestream flow conditions at each trajectory point ............ 27

Table 3-2 Inlet capture area ratio extremes .......................... 29

Table 3-3 Inlet contraction ratio extremes .......................... 30

Table 3-4 Internal flow conditions at each trajectory point .............. 32

Table 3-5 External flow conditions at each trajectory point .............. 35

Table 4-1 Baseline thrust data - one parameter optimization ............. 47

Table 4-2 Thrust data - cowl deflection effects ...................... 48

Table 4-3 Thrust data - two pararmeter optimization ................... 49

Table 4-4 Total thrust comparison ............................... 50

Table 4-5 Normalized thrust comparison ........................... 51

Table 4-6 Thrust data - combined third order curve fit and two parameter
optimized values . .................................... 52

Table 4-7 Cowl length effects on thrust - Mach 20 ................... 53

vii



List of Symbols

a speed of sound

a first coefficient in quadratic curve equation

a first coefficient in equation for specific heat at constant
pressure

A area

acwl2 cowl taper angle

b second coefficient in quadratic curve equation

b second coefficient in equation for specific heat at
constant pressure

c third coefficient in quadratic curve equation

c third coefficient in equation for specific heat at constant
pressure

CP specific heat at constant pressure

' specific heat at constant volume

d fourth coefficient in equation for specific heat at constant
pressure

dthcwl delta change in cowl deflection angle

e specific internal energy

e fifth coefficient in equation for specific heat at constant
pressure

E E flux v.ýctor

F F flux vector

h static enthalpy

viii



hm. nozzle inlet height

hex nozzle exit height

hcwl cowl thickness

iparam optimization parameter(s) flag

L nozzle length

M Mach number

P static pressure

q dynamic pressure

r nozzle circular arc radius of curvature

R.. gas constant for mixture

tcwl2 cowl deflection angle

thcwlO first temporary cowl deflection angle

thcwl I second temporary cowl deflection angle

thcwl2 third temporary cowl deflection angle

T static temperature

u axial component of velocity

v normal component of velocity

V velocity magnitude

w unit width

x axial direction

x nozzle attachment angle or cowl deflection angle in
quadratic curve equation

ix



xcwl I first segment of cowl

xcwl2 second segment of cowl

y normal direction

y total thrust in quadratic curve equation

GREEK SYMBOLS

difference between shock wave angle and flow deflection
angle

y specific heat ratio

8 flow turning angle

AC axial step size in transformed coordinate system

8 shock wave angle

C transformed axial coordinate

11 transformed normal coordinate

7iX partial derivative of transformed normal coordinate with
respect to x

Tly partial derivative of transformed normal coordinate with
respect to y

'IKE inlet kinetic energy efficiency

0 flow angle

08 nozzle circular arc attachment angle

p density

'F general variable for Riemann problem

x



SUBSCRIPTS AND SUPERSCRIPTS

i axial space direction index

j normal space direction index

j+1/2 Riemann node between grid points j and j+1

o initial condition

0, 1, 4, and 5 engine station designator corresponding to inlet entrance, diffuser
entrance, combustor entrance, and combustor exit, respectively

0, 2, 4, or 6 Riemann region 0, 2, 4, or 6, respectively

1, 2 upstream or downstream of shock wave, respectively

1, 2, or 3 Riemann wave 1, 2, or 3, respectively

xi



AFIT/GAE/ENY/92D-10

Abstract

An investigation of the effects of simultaneous variation of the nozzle attachment

angle and cowl deflection angle on the performance of a two-dimensional nozzle used on

a hypersonic vehicle such as the National Aero-Space Plane (NASP) was performed using

a two parameter direct search optimization procedure. Total thrust optimization was

accomplished using a Flux-Difference-Split (FDS) code, a RAMJET Performance

Analysis (RJPA) program, and an oblique shock wave solver program, at sixteen points

on a 1000 psf dynamic pressure trajectory for Mach numbers ranging from 10.0 to 25.0.

A single parameter optimization of the total thrust using a variable nozzle attachment

angle was accomplished first to establish a reference frame for comparison with the two

parameter optimization results. Effects of a positively and negatively deflected cowl on

the nozzle flow field were explored to provide the motivation to vary the cowl deflection

angle along with the nozzle attachment angle. The positively deflected cowl increased

the nozzle wall pressure, thus producing greater thrust but also producing greater pressure

drag on the upper cowl wall. The optimum nozzle attachment and cowl deflection angle

maximized the total thrust by increasing nozzle wall pressure without an excessive

increase in pressure drag. The total thrust found by the two parameter optimization was

increased at every point on the trajectory over the total thrust obtained from the single

parameter optimization. This study shows that the cowl deflection angle starts negative,

increasing from -0.493 degrees at Mach 10 to 3.01 degrees at Mach 25. The analysis

xii



also shows that the nozzle attachment angle and cowl deflection angles are closely related

to the nozzle entrance pressure and Mach angle. Increasing the length of the deflected

cowl increased the total thrust of the configuration by causing the expansion to freestream

to occur further from the nozzle entrance.

xiii



NOZZLE/COWL OPTIMIZATION FOR A HYPERSONIC VEHICLE ON A

TYPICAL TRAJECTORY

I Introduction

1.1 Purpose

The purpose of this study was to investigate the effects of a two parameter direct

search optimization of the nozzle attachment angle and cowl deflection angle on the

performance of a two-dimensional nozzle used on a hypersonic vehicle such as the

National Aero-Space Plane (NASP) (Figure 1-1), at various flight points on a typical

trajectory. The total thrust produced by the nozzle/cowl configuration (Figure 1-2) was

maximized by the optimization and compared to an established baseline total thrust.

1.2 Background

Hypersonic flight has received significant government interest through the National

Aero-Space Plane (NASP) Program. In particular, the hypersonic propulsion problem is

an area of research which has many facets. Extreme temperatures and thermal/mechanical

stresses encountered in hypersonic flight press the limit of current material and cooling

technologies. Thrust production is another key factor which presents demanding

requirements. One aspect of the propulsion problem is the design of an optimized

supersonic nozzle (Doty, 1991:1). Conventional propulsion systems are inadequate for

hypersonic use because the air in the engine is slowed to subsonic speeds and therefore
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the temperature of the air is increased greatly. Since the air temperature is high, the

addition of combustion products to raise the temperature, and therefore the energy of the

system, has little or no affect. This is caused by the dissociation of the combustion

products at high temperatures and the fuel only helps the dissociation and does not

produce thrust. Therefore, no useful thrust is produced if the air is slowed to subsonic

speeds for combustion. For this reason, combustion at supersonic speed is required for

thrust production in hypersonic flight. Supersonic combustion provides a wider thermal

range where dissociation may be avoided. Thus, supersonic combustion ramjet (Scramjet)

engines must replace the unfeasible conventional engines in the hypersonic speed regime.

According to Walton (1988:2), because of the extremely high Mach numbers that

characterize flight in this speed regime, the resulting expansion at the afterbody can

account for around 30 percent of the vehicle's thrust. For this reason, Scramjet nozzles

tend to be long and highly integrated with the airframe of the vehicle (Henry and

Anderson, 1973). However, Scramjet nozzles are extremely sensitive to changes in

performance parameters. This sensitivity is exhibited in the limited research where

dramatic changes in thrust are caused by slight changes in the ambient conditions. It is

apparent that there can be little margin for error when designing a nozzle for optimum

performance.

To obtain optimum performance, the hypersonic vehicle needs to fly within a

prescribed envelope of altitude and flight speed as it transits the atmosphere. With this

prescribed envelope, the flight and performance parameters can be maintained within

useful limits as the vehicle conducts its mission. One of the parameters is the dynamic
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pressure (q). Dynamic pressure is exclusively a function of the freestream conditions and

can represent a trajectory frequently encountered in the literature for a NASP type vehicle

(Billig, 1987:119). This parameter is selected for the proposed study and the vehicle is

assumed to travel at the maximum q limit. The maximum q limit represents an effective

design effort, employing state-of-the-art technology while minimizing overdesign.

Overdesign is a major problem because excess weight would necessitate a larger engine

and more fuel. Additional fuel would again increase the vehicle weight in an upward

spiral that could result in a vehicle too large and too heavy to fly. Once again a slight

change, such as an increase in fuel, could have a dramatic affect on the design which

reinforces the need for an optimized nozzle.

1.3 Methodology

The technique and computer program recently implemented by Doty (1991) for

the determination of maximum thrust planar nozzles provided the means of accomplishing

this study. The Flux-Difference-Split (FDS) Method is a robust first order accurate

method which is as good as most second order finite difference techniques (Taylor et al.,

1972, Peyret et al., 1983). The FDS method is capable of handling complicated flow

patterns which include interactions of shock waves, expansion waves, and contact

surfaces. The few finite difference codes that can accomplish this task are extremely time

consuming and costly to use (Doty, 1991:1), and are therefore not desirable for an

optimization procedure. The optimization may require analysis of the entire flow field

numerous times and the FDS code will give significant savings in computational time.
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The basis of FDS method is the solution of the Riemann problem in one form or

another (Godunov, 1959, Osher 1981, Pandolfi, 1985). The Riemann problem describes

the local collapse of a discontinuity and the resulting fluxes. Once the PRiemann problem

is solved, the application of the FDS method is fairly straightforward and an entire flow

field with numerous discontinuities may be determined. With the flow field determined,

a direct two parameter optimization procedure will be employed. The coupling of the

FDS method and the direct optimization procedure can design maximum thrust nozzles

for a wide range of nozzle/cowl configurations.

Airf ramne

Integrated
Nozzle

Figure 1-1 Typical hypersonic vehicle (Doty, 1991:5)
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Figure 1-2 Expanded view of nozzle and cowl section (Doty, 1991:6)
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II Analytic Development and Methodology

2.1 Governing Equations (Doty,1991:Ch 2)

The governing equations of motion for a planar, steady, adiabatic, inviscid flow

of a compressible fluid with no external work or body forces are the Euler equations of

fluid dynamics. In vector divergence form, those equations are:

+ = 0 (2-1)

where the E and F vectors are written in terms of the conservation variables as

E- pu2 + p F = P )] (2-2)
po , pv 2 +p

u (pe + P) Lv (pe + P)

The first of Eqs (2-2) is the continuity equation, the second and third are the axial and

radial momentum equations, respectively, and the fourth is the energy equation.

2.1.1 Thermodynamic Model

The equations of state chosen for the analysis are those of a thermally and

calorically perfect gas. The equation of state for a thermally perfect gas is:

T -- (2-3)
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while for a calorically perfect gas, the total specific internal energy is given by:

P 1
p e = + p (u2 + v 2) (2-4)

y -1 2

2.2 Coordinate Transformation

The numerical solution is carried out in uniform orthogonal computational space.

Transformation of the governing equations into the computational space is required.

Equation (2-1) is transformed as:

ME = - aE - aF (2-5)

where C and ni are the transformed coordinates, and T6, and TI, are the transformation

metrics (Doty, 1991:Appendix G).

2.3 Numerical Algorithm

This study used a Flux Difference Split (FDS) code developed by Doty (1991) to

solve the nozzle flow field. The FDS method relies on the Riemann problem, the solution

of a discontinuity. The wave-like nature of the Riemann problem is used to split the

solution of the Riemann problem along the preferred paths of information propagation

(Doty, 1991:153). Discontinuities such as shock waves are processed and the numerical

solution is calculated using the processed information.

The Riemann problem is represented in Figure 2-1. The general flow property,

7



TP, has an arbitrary spatial distribution represented by the solid line. The flow property

can be modeled as distinct, uniform regions (Godunov, 1959) represented by the dashed

line. The adjacent boundary is assumed to occur half-way between where the flow

properties are known (points (j) and 0+1)).

Collapse of the discontinuity between regions produces the possible wave pattern

shown is Figure 2-2. Waves (1) and (3) may each be a compression (shock) wave or

expansion wave and are referred to as the negative and positive wave, respectively,

because of the direction the wave carries information. Wave (2) is the contact surface

which separates the Riemann regions. The notation for the Riemann problem between

grid points j and j+l, illustrated in Figure 2-2, is as follows:

Riemann region 6 = known values at grid point "j+l"
Riemann region 4 = unknown values at midpoint "j+1/2"
Riemann region 2 = unknown values at midpoint "j+1/2"
Riemann region 0 = known values at grid point "j"

Similar notation is used for other pairs of grid points by permuting the indices.

The solution of the Riemann problem provides the flow properties in regions 2 and

4, Figure 2-2, along with the numerical fluxes based on the governing equations. For this

study, an approximate Riemann problem was solved using linearized versions of the

Prandtl-Meyer relations (Pandolfi, 1985). The FDS method differences the fluxes and

then splits them into positive and negative portions, sending the information in the correct

direction. For more information concerning the FDS method and the Riemann problem,

refer to Doty (1991).
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2.4 Thrust Calculation

After the flow field for the nozzle geometry has been analyzed with the FDS

method, the flow properties are known. Thrust for the planar geometry is based on

pressure acting on an area and is calculated using the following relation:

Thrust = f P dA (2-6)

where P is the pressure and dA is the incremental area. Since the nozzle is two-

dimensional, the area can be represented by the height, y, multiplied by a unit width, w,

resulting in the thrust per unit width given by:

Thrust = f P dy (2-7)
YJ

The sum of the thrust contributions from the nozzle, upper cowl, and lower cowl walls

represents the total thrust of the nozzle/cowl configuration.

2.5 Optimization Process

The nozzle attachment angle, eB (Figure 2-3), and cowl deflection angle, tcwl2

(Figure 2-4) were used to optimize the total thrust of the nozzle/cowl assembly (Figure

1-2). The optimization procedure used in this study was a two parameter direct search

method. The underlying structure of the two parameter search is similar to the single

parameter direct search method used by Doty (1991). With the two parameter direct

search, a direct search is accomplished on the first parameter, the nozzle attachment angle,

while holding the second parameter, the cowl deflection angle, constant.
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Figure 2-5 represents several thrust curves based on a variable nozzle attachment

angle with constant cowl deflection angles. The object of the first search was to locate

a nozzle attachment angle near the maximum of one of the curves in Figure 2-5. Next,

a direct search is completed on the cowl deflection angle with the new nozzle attachment

angle being held constant, represented by the verticle dashed line in Figure 2-5. By

varying the cowl deflection angle, movement between the thrust curves to find a new

cowl deflection angle and maximum thrust is possible. With the new cowl deflection

angle, the procedure is repeated until the maximum total thrust of the nozzle/cowl

assembly is determined.

Each direct search is based on analysis of three data points using a quadratic curve

fit to determine a local maximum (see Figure 2-6). The three data points represent either

the nozzle attachment angle or cowl deflection angle and the associated thrust. The

quadratic curve is an approximation of the thrust based on the nozzle attachment angle,

Figure 2-7, or the cowl deflection angle, Figure 2-8. The maximum is determined by

analysis of the first and second derivatives of the quadratic curve. The quadratic curve

is given by:

y =-a + bx + cx 2  (2-8)

where y represents the total thrust and x represents either the nozzle attachment angle or

the cowl deflection angle. For each of the three data points illustrated in Figure 2-6, the

quadratic equation given by Eq 2-8 is valid. Thus, the coefficients, a, b, and c, are

determined by solving the following system of equations:

10



[1 xl x2l
XIX1 21 Y

x2 X22 = Y2 (2-9)

By using Gaussian elimination, a, b, and c are solved for and easily programmed using

the following equations:

a =y, - bx1 - cx 1
2  (2-10)

b = (y2 - y 1) - (x2
2 - x1

2) C (2-11)

X2 - XI

% y) t• y)x• - x

X2 - X
C2 I (2-12)

(x3
2 2 x,) _ (x 2  _X/ 2 ) X3 - XI

X2 -- X1

To find the value of the nozzle attachment angle, x, yielding maximum total thrust, y, the

first derivative of Eq (2-8), in equation form, is set to zero.

dy = b + 2 cx =-0 (2-13)
dx

Solving the right portion of Eq (2-13) for the nozzle attachment angle, x, a new value is

I1



cadculated with the previously determined coefficients with the following:

x b (2-14)
2 c

To insure a maximum is found, instead of a minimum, the second derivative of

Eq (2-8), determined by

d 2 y 2 c (2-15)
dx 2

is tested to be positive or negative. If positive, the nozzle attachment angle is at the

minimum and therefore not the value wanted. The dashed line in Figure 2-9 represents

a quadratic curve with a positive second derivative and the computed angle at the

minimum. The maximum of the thrust curve, illustrated by the solid line in Figure 2-9,

is on the opposite side of the data points from the computed angle. Figure 2-9 shows that

a new value of the nozzle attachment angle is found by projecting the computed value to

the opposite side of the data points. In the case presented by Figure 2-7, the thrust curve

near the maximum contains an inflection point which would cause the quadratic curve fit

with a positive second derivative. Although the optimal value may be passed over, the

projected value keeps the process from wandering too far away from the goal of the

optimal value.

After the new nozzle attachment angle is determined, the total thrust is then

determined with the same method that determined the three initial data points. The

absolute error of the new total thrust and that of the first data point is checked against an

error tolerance to determine if convergence has been reached. The absolute error is given

12



by:

abs yw' 3y < tolerance (216)

After convergence, the nozzle/cowl performance characteristics are saved in an output file.

2.6 Parameter Selection - Initial Values

Four combinations of the nozzle attachment and cowl deflection angles were tested

to insure the procedure converged on the set of angles which produced maximum thrust.

The four combinations were chosen to reflect combinations of angles both greater than

and less than the optimum angles as follows:

0 B > 0. and tcwl2 > tcwl2,
0 B < 0o0 and tcwl2 < tcwl20"
8 B < 0. and tcwl2 > tcwl2oV
OB > 000 and tcwl2 < tcwl20V

All values during convergence were recorded for each combination and collected

for analysis. If more than one set of information was obtained for the same nozzle

attachment angle, only the data set which produced the highest thrust value was retained

for analysis.

2.7 Code Modifications

The incorporation of the two parameter direct search procedure into the nozzle

analysis program was a relatively straightforward task. The program was set up with a

one parameter optimization. A second set of three independent variables were patterned

13



after the original set. The same dependent variable, total thrust, was used since the

purpose was to maximize that value by changing both of the independent variables, the

nozzle attachment angle and the cowl deflection angle.

As mentioned in Section 2.5, while the nozzle attachment angle is used in the

optimization, the cowl deflection angle is held constant and vice versa. After the second,

single direct search logic was added to the code, a flag was set up to alternate between

the two single parameter searches. Also, the values of the nozzle attachment angle and

the cowl deflection angle that determine the highest value of total thrust are stored in case

the procedure finds a local plateau in the curve instead of the maximum (Figure 2-10).

These stored parameters then are used after convergence on the plateau to obtain a

maximum value of total thrust.

The input file was altered to include a choice for either a one or two parameter

optimization. The flag, iparam, is set to 1 for the single parameter optimization and 2 for

the two parameter optimization. Also a delta change variable, dthcwl, on the cowl

deflection angle is available to give the user control over the second and third value of

the cowl deflection angle.

Two common blocks were added. The first block holds the flags that control

whether one or two parameter optimization was chosen. The second contains the three

temporary values; thcwl 1, thcwl2, and thcwl0; of the cowl deflection angle and the delta

change variable, dthcwl, mentioned above.

Since the code was initially set up to make the cowl wall, Figure 2-4, only once,

modification to the cowl wall generator was required. The change in the cowl wall

14



generator consisted of deactivating the consolidation of parallel sections. In Figure 2-4,

xcwl I and xcwl2 would be combined into xcwl 1, with xcwl2 set to zero when the angle

tcwl2 was zero. Subsequent cowl wall generation would produce only a straight cowl,

nullifying the cowl deflection angle, tcwl2.

Since the optimization changes the cowl deflection angle, tcwl2, generation of a

new cowl wall was needed for each new angle used. The new cowl wall is needed to

properly represent the interior and exterior flow fields necessary for the calculation of the

total thrust.

Another modification was required within the flow field analysis portion of the

code. With the original code, the initial value line, dashed line from H to I, for the

external flow (see Figure 1-2) was moved from point H under the nozzle entrance to the

far end of the cowl, point F, since the cowl remained fixed. With the variable cowl, the

initial value line must remain under the nozzle entrance, point H, to insure the proper

effects of the cowl on the interior and exterior flows.

15
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(Herring, 1991:90)
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22



Nozzle Thrust

Quadratic Curve

Projected New Angle

Data Points

Thrust Curve

Computed Angle
I I I I I

Attachment Angle to Circular Arc, (deg)
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HI Preliminary Procedure

3.1 The Traiectory

A hypersonic vehicle will typically travel along a predetermined path. Such a path

can be determined by using a constant dynamic pressure, q, to represent aerodynamic and

structural loads of the vehicle. A typical value of dynamic pressure for a NASP-type

vehicle is q = 1000 psf (Billig, 1987:119).

By definition, the dynamic pressure is exclusively a function of the freestream

conditions:

q. p. (3-1)

In a more useful form, the velocity is expressed in terms of the Mach number and

speed of sound:

V 2 = M 2 a 2  (3-2)

where the speed of sound of a perfect gas is:

a 2  P (3-3)
P

When equations (3-2) and (3-3) are substituted into equation (3-1) and simplified,

the following is obtained
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1
q --. y P. ,AM 2  (3.4)

Solving Eq (3-4) for the freestream pressure gives

2q. (35)

7MA,,
2

For a given dynamic pressure and specific heat ratio, Eq (3-5) gives the freestream

pressure as a function of Mach Number. With the calculated pressure, the altitude was

determined from established data such as the 1976 US Standard Atmosphere Tables (US

COESA, 1976). Figure 3-1 shows the relationship between Mach number and altitude for

a constant dynamic pressure, q = 1000 psf. The other freestream conditions were

ubtained from the RamJet Performance Analysis (RJPA) Program (Pandolfini, 1986) by

specifying the altitude and Mach number as inputs. Details of RJPA are presented in

Section 3.2. Table 3-1 provides the freestream properties for the trajectory from Mach

10 to 25. Since the freestream is undisturbed, the static temperature and pressure are

modeled well by the thermally and calorically perfect gas. For this reason, the specific

heat ratio and gas constant are assumed fixed to the values in Table 3-1.
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Figure 3-1 The hypersonic trajectory. The relationship between Mach number and
altitude for a constant dynamic pressure, q = 1000 psf

3.2 Internal Flow - Ramiet Performance Analysis Program

To evaluate the trends of the nozzle/cowl configuration over the trajectory, the

flow properties entering the nozzle should be consistent with scramjet combustor exit

conditions over the trajectory. Since the purpose of this study is focused on the nozzle,

the combustor exit flow conditions were assumed to be uniform and the result of

supersonic combustion of fuel and air within a Scramjet engine. The model of the

Scramjet engine used was a computer program developed by the Johns Hopkins

University; the RamJet Performance Analysis (RJPA) IBM-PC version 1.0 (Pandolfini,

1986).

RJPA is a one-dimensional integral simulation code and requires two files: a setup
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file and a thermochemical data file. The setup file contains all the parameters RJPA

needs to set up the engine specifications. The thermochemical data file holds all

information required for the equilibrium chemistry calculations (Pandolfini, 1986). The

results of the simulation from the freestream to the exit of the combustor are used as the

initial conditions for the nozzle flow field calculations.

3.2.1 RamJet Performance Analysis Assumptions and Input Parameters

Several assumptions were made in specifying the input parameters for the engine

and the cycle analysis. The instruction manual for RJPA provides the necessary

information to construct (or modify) an input file (Pandolfini, 1986). Example 1 in the

manual was used as a guide in constructing files for each point on the trajectory. The

following list provides an overview of the important parameters in the input file.

1. The inlet reference area was defined as 100 ft', constant over the entire trajectory.

2. The inlet capture area ratio was assumed to have a linear dependence based on the
freestream Mach number. At the low Mach number, the inlet was assumed to be
less than optimal, Table 3-2, and at the high Mach number to be optimal.

Table 3-2 Inlet capture area ratio extremes

M A. / A

3.0 0.5

25.0 1.0

From the values in Table 3-2, a linear dependence of the inlet capture area ratio
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based on the freestream Mach number was determined as the following:

Ai (M) = 0.4318 + 0.0227 M (3-6)

3. The inlet contraction ratio was also assumed to have a linear dependence based
on the freestream Mach number to provide the diffuser exit area. Table 3-3
displays the assumed extremes.

Table 3-3 Inlet contraction ratio extremes

M.__ Ao / A4

3.0 3.0

25.0 50.0

Based on the values in Table 3-3, a linear dependence was determined as the
following:

(AM4) - - 3.41 + 2.136 M. (3-7)

4. The inlet efficiency was accounted for with the kinetic energy efficiency
parameter qKE. The value found in Example 1 of the RJPA manual was used and
held constant over the trajectory

5. The combustor exit area was assumed to be the sum of the diffuser exit area plus
a gas generator area since the constant area option of RJPA was used. The gas
generator area was assumed to be five percent of the diffuser exit area value to
provide RIPA with sufficient data to complete the cycle analysis.

6. The stoichiometric fuel/air ratio for a hydrogen-air combustion process was used.
To reduce the number of variables, the ratio was held constant over the trajectory.
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3.2.2 RJPA Output

The output file contains flow conditions and equilibrium composition at each

station in the ramjet cycle (Figure 3-2). Only the combustor exit flow conditions were

required to set up the initial value line for the internal nozzle portion of the FDS code

(Doty, 1991:40). The important flow properties obtained were the static pressure, static

temperature, density, flow Mach number, specific heat ratio, and molecular weight. Table

3-4 contains these data for each point on the trajectory. The specific heat ratio and

mixture gas constant varied over the trajectory points but were held at y = 1.25 and R =

375 J/kg/K to reduce the number of variable parameters in the nozzle analysis. As

mentioned before, similar flow properties were obtained for the freestream from the

portion of the output which contained the inlet entrance data and are summarized in Table

3-1.

Diffuser Combustor Nozzle

G Aex

AO A I I~
0 4 5 6

Figure 3-2 Ramjet cycle analysis regimes (Pandolfini, 1986)
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3.3 External Flow

The external flow is an important variable in the analysis of the overall thrust of

the nozzle because of its influence on the lower cowl and interaction with the interior

flow through the location of the contact surface (refer to Figure 1-2). Since the vehicle

shape and its influence on the external flow is unknown, an oblique shock solution was

used to simply model the flow properties at the external cowl.

At hypersonic speeds, the temperature ratio across the shock (see Figure 3-3) is

not modeled well with the thermally and calorically perfect gas. A thermally perfect, but

calorically imperfect gas more accurately models the flow properties downstream of the

oblique shock and was used to determine the external flow conditions. The procedure

used was patterned after example 7-10 in Zucrow and Hoffman (1976).

The caloric model used was

h ho + a T + b T2  c T3  dT 4  e Ts) (3-8)

2 3 4 5

c =(a +b T+c T2 +dT3 +e T4)R (3-9)

where the coefficients (a, b, c, d, e) were obtained from curve fitted JANAF data

(Gordon, 1989). With the thermally perfect gas, the mixture gas constant does not vary,

allowing for easy calculation of the specific heat at constant volume with the following

relation.
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c. = c. - R (3-10)

Therefore, the specific heat ratio is

C
pY= . (3-11)

CV

To determine the flow properties across the oblique shock, an initial deflection is

needed. Using an angle of attack of two degrees and a forebody ramp of six degrees, the

flow was turned a total angle of eight degrees. With the above gas model and the

iterative shock solver, the external flow properties were determined and are summarized

in Table 3-5. Again, representative values of specific heat ratio, y = 1.35, and the mixture

gas constant, R = 287 J/kg/K, were assumed to reduce the effects of multiple variables.

Oblique .Shock wave
/

/
/

Upstream
region 1 , Downstream

./ region 2

Inviscid wall

Figure 3-3 Oblique shock wave from vehicle interaction with free stream
(Doty, 1991:174)
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IV Results and Discussion

4.1 Introduction

As stated in Chapter L, the purpose of this study was to determine the nozzle and

cowl geometry combinations that produced maximum thrust for a hypersonic vehicle over

a typical trajectory. In an effort to show the effects of the coupled optimization, the

results were to be compared to an optimized nozzle without the coupled effect of a

deflected cowl. This effort was successful.

This chapter discusses the results of the two parameter optimization and presents

the results compared to a one parameter optimization of the nozzle contour. The nozzle

attachment angle, 0, and initial value data compiled in Chapter 3 were used in a one

parameter optimization of the nozzle total thrust to obtain baseline data. The two

parameter study used the nozzle attachment angle and a cowl deflection angle along with

the same initial value data to optimize the total thrust of the configuration. The deflected

cowl causes changes in the pressure field, affecting the forces on the nozzle and cowl

walls; forces which can be optimized to produce the maximum thrust. The effects of a

positive and negative cowl deflection were compared against the baseline for one point

on the trajectory to motivate the purpose of this study. A comparison of the two

optimizations was completed, showing the trends of the parameters and effects on the wall

thrusts. A small study was also accomplished to motivate future study of varying the

length of a deflected cowl.
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4.2 Baseline - One Parameter Optimization

In order to analyse the results of the two parameter optimization, a baseline for

comparison needed to be established. Previous work conducted by Herring (1991)

optimized the nozzle contour (curve ABC in Figure 1-2) by using the nozzle attachment

angle eB as the optimization parameter. That work was unsuited for this study for several

reasons. First, he optimized the nozzle wall thrust whereas this study requires

optimization of the total thrust; thrust contributions from the nozzle, upper cowl, and

lower cowl walls. Herring (1991) also used a different scramjet cycle analysis code

which produced a different internal initial value flow from the combustor exit (refer to

Figure 1-2). Also, his study included only six points on the trajectory where this study

established sixteen points. Therefore, this study includes a new one parameter

optimization of the nozzle configuration, for a fixed cowl, over all trajectory points

established in Section 3.

The results of optimizing the total thrust by changing the nozzle attachment angle

are listed in Table 4-1. The table displays the nozzle attachment angle which produced

the maximum total thrust of the nozzle/cowl configuration. The thrusts associated with

the nozzle, upper and lower cowl walls are also presented for each trajectory point. The

basic trend of the information in Table 4-1 indicates a decreasing total thrust as the

trajectory is traversed and Mach number increases. The static pressure from the internal

flow (Table 3-4) decreases with increasing Mach number along the trajectory. This

decrease in pressure for the flow field results in a decrease in total wall thrust. With the

decreasing static pressure, the nozzle attachment angle also decreases since the required
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expansion to freestream pressure decreases. The upper cowl wall produces a small

amount of thrust because of the small area projected in the axial direction (surface EF in

Figure 1-2). Since the projected area is small, the thrust is two orders of magnitudes less

then the thrust produced by the nozzle wall.

4.3 Cowl Deflection Effects

Since the nozzle attachment and cowl deflection angle are used in the two

parameter optimization, the effects of the cowl deflection on the nozzle thrust is

examined. The Mach 15 trajectory point was chosen as a representative case to illustrate

the influence of the cowl deflection on the overall nozzle and cowl thrust performance.

A positive and negative cowl deflection of 5 degrees were compared to the 0 degree

baseline case obtained above.

To illustrate the effects of the deflected cowl, the flow field pressure patterns are

discussed. Figure 4-1 represents the static pressure contours for the zero degree cowl

deflection. Figure 4-2 and 4-3 represent the static pressure contours for the negative and

positive cowl deflection, respectively. The figures show only one quarter of the flow

field in order to provide adequate resolution of the features. The nozzle wall pressure

distribution for the three cases is plotted in Figure 4-4 and discussed after the static

pressure contours.

In Figure 4-1, expansion waves (1) stem from the nozzle opening to produce the

rapid pressure drop in Figure 4-4. As the flow moves into the parabloic nozzle contour,

the flow turns upon itself and a compression region (2) develops into a shock (3) structure
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that curves away from the nozzle wall as the wave travels out of the nozzle. Above the

shock (3), the flow begins to expand (4) along the nozzle wall even though the flow is

still turning upon itself. This expansion (4) is caused by the cowl reflecting the initial

expansion waves (5) which now dominate the flow. The reflected expansion waves (5)

also affect the shock (3), causing the shock to curve and diminish. Another, smaller

expansion (6) develops at the end of the cowl because of the cowl geometry.

In Figure 4-2, the greater second expansion (6) of the negative five degree cowl

results in a lower pressure from the upper cowl wall to the shock (3) which tends to bring

the shock (3) further from the nozzle wall. The pressure at the nozzle wall is now

reduced resulting in reduced thrust. A shock wave (7) develops on the lower cowl,

creating pressure drag and also reducing the total thrust.

In Figure 4-3, the positive five degree cowl causes a shock (8) to form from the

cowl and is projected towards the nozzle wall. The shock (8) weakens the reflected

expansion waves (5), causing a slightly higher pressure to be maintained aft of the shock

(8). As the shock (8) reaches the nozzle wall, the higher pressure after the shock (8) can

produce a greater pressure on the nozzle wall, thus creating higher thrust. The shock (8),

along with the weakened reflected expansion (5), causes the curved shock (3) location to

be closer to the nozzle wall than the zero cowl deflection case. With the curved shock

(3) closer to the nozzle wall, a slight increase in pressure at the nozzle wall compared to

the zero degree case is realized.

The higher pressure aft of the shock (8) also acts on the deflected cowl and can

cause pressure drag, thereby reducing the total thrust of the nozzle/cowl configuration.
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Table 4-2 shows the nozzle, upper, and lower cowl wall thrusts along with the total thrust

for cowl deflection from -5 degrees to +5 degrees. The maximum total thrust occurs at

the +1 deg cowl deflection. With greater positive deflection, the nozzle wall thrust

continues to increase but the pressure drag on the upper cowl wall increases at a greater

rate causing a net decrease in total thrust. Since the pressure of the external flow is low

compared to the internal flow, the thrust produced by the lower cowl wall is very small

compared to the nozzle wall thrust. With the negative cowl deflection, the upper cowl

wall thrust increases but the nozzle wall thrust decreases more quickly to net a decreased

total thrust. Thus, with a small positive cowl deflection, an increase in the pressure on

the larger nozzle wall should produce more thrust without causing a large pressure drag

on the smaller upper cowl wall.

To show the effect on thrust, the nozzle wall pressure distributions for the 0, -5,

and +5 cowl deflections were plotted verses the height (y) of the nozzle. Figure 4-4, zero

degree cowl deflection curve, shows the initial expansion (item (1) in Figure 4-1), by the

sudden drop in pressure. As the flow moves into the parabolic nozzle contour (item (2)

in Figure 4-1), a gradual pressure rise develops as the flow is turned upon itself. As the

reflected expansion waves (item (5) in Figure 4-1), dominate the flow at the nozzle wall

(item (4) in Figure 4-1), the pressure decreases as the nozzle expands the flow to the

freestream pressure. With a negative 5 degree cowl deflection, the same initial drop and

gradual rise in pressure develop since the inital nozzle/cowl geometry is the same. As

the flow reaches the deflected cowl, a stronger expansion reduces the pressure throughout

the remainder of the flow field which causes a reduced pressure at the nozzle wall. The
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rositive 5 degree cowl deflection begins the same as the other two; the initial geometry

is the same. As the flow encounters the deflected cowl, a shock forms at the deflection

and compresses the flow. The shock wave from the deflection impinges on the nozzle

wall, giving the spike in the pressure curve, Figure 4-4. After the flow passes the

compression, the expansion to freestream can take place. Since thrust for the planar

geometry is based on pressure acting on an area by

Thrust f P dy (4-1)
w

yI

the area under the curve in Figure 4-4 represents the above integral.

However, with the positive cowl deflection, there is pressure acting on the cowl's

vertical area which results in a drag component. The balance of the nozzle wall thrust

and the pressure drag on the deflected cowl wall motivates the two parameter

optimization.

4.4 Two Parameter Optimization

With the baseline established and an understanding of how the cowl deflection

should produce an increase in thrust, the next step is to perform the optimization.

Following the procedure outlined in Section 2.5, the nozzle attachment angle and cowl

deflection angle which maximized the total thrust were determined.

Since the magnitudes of the total thrust values vary from approximately 14700

N/m at Mach 10 to nearly 4600 N/m at Mach 25, a normalized thrust at each trajectory
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point is calculated so comparison of two or more trajectory point data is more useful.

The normalized thrust is calculated with the following expression:

( thrustos)

(normalized thrust), (thrust = (4-2)( hrUSto,,,),

The freestream Mach number is represented by M to identify the trajectory point,

(thrustw)M is the two parameter optimized total thrust at Mach M, and (thrusto4.)M is the

baseline one parameter optimized total thrust. With the above scaling, the baseline thrust

normalizes to a value equal to 1. Any value from the two parameter optimization greater

than I would indicate a thrust increase over the one parameter optimized total thrust.

Since all trajectory points have similar data trends, data from one point, Mach 15,

is reviewed in detail. First, the total thrust data was normalized with the procedure

explained above. Next, the normalized total thrust and the associated cowl deflection

angle is plotted, in Figure 4-5, against the particular nozzle attachment angles. To

provide a clear picture, only the data immediately surrounding the optimum data is

displayed. All other thrust values are much less than one. Note the scale for the

normalized thrust. All displayed thrust values are very near or above the normalized

thrust over the range of nozzle attachment angles and varying cowl deflection angles.

There is a range of nozzle attachment angles where the total thrust is at or above the

normal total thrust value of 1. By deflecting the cowl, a nozzle wall designed for one

Mach number can perform at an off design Mach number without significant loss of total

thrust. The off design losses are beyond the scope of this study.
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Another item of interest is the nozzle wall pressure plot, Figure 4-6. The baseline

nozzle pressure is illustrated by the dashed line and the solid line is the pressure

distribution of the two parameter optimized nozzle wall. Similar to Figure 4-1, the

positive cowl deflection increased the nozzle wall pressure without excessive pressure

drag on the cowl, thereby producing a greater total thrust over the baseline value.

With the maximum total thrust and corresponding nozzle attachment angle and

cowl deflection angle determined from the two parameter optimization, an analysis of the

parameters and total thrust over the trajectory was completed. In Table 4-3, the nozzle

wall, upper cowl, lower cowl, and total thrust values with the associated nozzle

attachment and cowl deflection angles are shown for each point on the trajectory.

A comparison of Table 4-1 and Table 4-3 shows the nozzle attachment angle from

the two parameter optimization retains the same trend as the baseline data over the

trajectory; the angle decreases as Mach number increases (see Figure 4-5) due to the

decrease in static pressure at the nozzle entrance. The actual values of the angles differ

only slightly at each trajectory point; the difference being due to the cowl deflection. The

variable cowl deflection angle (Table 4-3) begins with a negative deflection at the lower

Mach numbers, less than Mach 13, indicating the nozzle contour is insufficient to expand

the flow to freestream pressure. As the cowl deflection turns positive and increases as

the Mach number increases, the deflected cowl forms a shock wave which impinges on

the nozzle wall, increasing the nozzle wall pressure. As the Mach number increases, the

Mach angle decreases. For the shock wave from the deflected cowl to affect the nozzle

wall pressure at increasingly high Mach numbers, the deflection must be increased to
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overcome the decreasing Mach angle.

The nozzle wall thrust, Table 4-3, was increased with a positive cowl deflection,

due to the pressure rise caused by the shock formed at the deflection increasing the nozzle

wall pressure. The negative cowl delfection reduced the flow pressure by the expansion

(5) of the flow illustrated in Figure 4-2. The flow field pressure also exerts a force on

the upper and lower cowl surfaces, producing a thrust contribution, positive or negative.

With the positive cowl deflection, the upper cowl wall (Figure 1-2) becomes a drag

surface, reducing the total thrust of the nozzle/cowl configuration. The lower cowl wall

is a propulsive surface with the positive cowl deflection. Since the external flow pressure

is lower than the internal flow pressure, the resulting force on the lower cowl is quite

small as seen in Table 4-3.

Table 4-4 displays the total thrust values from the one and two parameter

optimizations. At the lower Mach numbers, the total thrust values for the two

optimizations are similar. Some of the two parameter optimized total thrust values are

even less than the one parameter optimized values, but through further analysis, explained

below, these lower thrust values from the two parameter optimization were increased.

These lower values were caused by the optimization procedure homing in on a plateau

(refer to Figure 2-4) in the thrust curve. At the higher Mach numbers, and higher positive

cowl deflection, the two parameter optimized thrust is greater than the one parameter

optimized thrust.

The normalization process was applied to the total thrust values in Table 4-4. The

results of this procedure are presented in Table 4-5 with a plot of the data, represented
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by the solid line, in Figure 4-8. Recall any value greater than I represents an increase

in total thrust for the two parameter optimization over the one parameter optimization.

In Table 4-5, the normalized thrust for the Mach 13 and 14 cases are less than one, also

indicated in Figure 4-8. In an effort to obtain greater thrust at all trajectory points, a third

order curve fit for the two parameters, the nozzle attachment and cowl deflection angles,

in Table 4-2 was accomplished using the Mach number as the independent variable. The

dashed lines in Figure 4-7 represent the curve fit. Note the Mach 13 and 14 cases in

Figure 4-7. The values of the two parameters do not lay on the curves. With the curve

fit, new values of the two parameters were obtained and used as input to the FDS code

to determine the associated thrusts. The new thrust values were compared to the values

in Table 4-2 and nearly fifty percent were improved. The highest thrust with the

associated parameters were retained and combined to form Table 4-6. Using the same

normalization process as above, the total thrust data in Table 4-6 was normalized and the

results were plotted as the dash line in Figure 4-8. With the curve fitted nozzle

attachment and cowl deflection angles, the trend of the normalized total thrust over the

trajectory was an increase in total thrust over the one parameter optimized total thrust at

every point.

4.5 Cowl Length Effect on Thrust

Although not part of the original study, the length, xcwl2 in Figure 2-5, of a

positively deflected cowl was briefly studied to give a better understanding of the cowl

deflection effects. The Mach 20 trajectory point was chosen and only three lengths were
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considered; the original length used in the optimization study, one shorter, and one longer.

The nozzle attachment angle and cowl deflection angle used were obtained from the two

parameter optimization study and were held constant for the three cases.

In Table 4-7, the nozzle wall, upper cowl and lower cowl wall thrusts for each

deflected cowl length is displayed. With the short deflected cowl, the expansion (6),

Figure 4-3, occurs closer to the nozzle entrance thereby reducing the flow pressure in the

remainder of the nozzle compared to the thrust produced with the original length cowl.

The upper cowl wall, with its reduced projected area, causes less pressure drag than the

original length cowl. Even though there is less drag on the upper cowl wall, the loss of

thrust producing pressure on the nozzle wall dominates, therefore the total thrust of the

nozzle/cowl configuration with the shorter delfected cowl is less than the original total

thrust.

The longer deflected cowl had the oposite effect on the nozzle wall thrust than the

shorter deflected cowl. The additional length of the cowl cause the flow field pressure

to be maintained further downstream by having the expansion (6), Figure 4-3, further

downstream than the expansion of the original cowl. With the increased pressure in the

flow field, the pressure at the nozzle wall is higher, thus creating greater thrust. Since

the cowl length was greater than the original cowl length, the projected area of the

deflected cowl was greater along with the associated pressure drag on the upper cowl

surface, Table 4-7. The increased pressure drag on the lengthened cowl was dominated

by the increased nozzle wall pressure, thus a net total thrust increase.
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Table 4-2 Thrust data - cowl deflection effects

Cowl Nozzle Wall Upper Cowl Lower Cowl Total Thrust
Deflection Thrust (N/m) Wall Thrust Wall Thrust (N/m)

(N/m) (N/m)

- 5 deg -8554.252 -574.661 104.679 -9024.234

- 4 deg -8640.900 -505.693 70.253 -9076.341

- 3 deg -8738.267 -422.543 42.979 -9117.830

- 2 deg -8848.015 -323.523 23.164 -9148.374

- 1 deg -8970.539 -207.246 9.273 -9168.512

0 deg -9108.608 -71.420 0.000 -9180.029

+ 1 deg -9261.949 84.830 -6.253 -9183.372

+ 2 deg -9432.037 263.424 -9.900 -9178.513

+ 3 deg -9620.393 466.210 -11.818 -9166.001

+ 4 deg -9832.633 696.937 -12.705 -9148.401

+ 5 deg -10059.411 952.614 -12.487 -9119.284
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Table 4-4 Total thrust comparison

Total Thrust (N/m) Total Thrust (N/m)
Mach Number One Parameter Two Parameter

Optimization Optimization

10 -14724.24 -14726.020

11 -13279.35 -13279.264

12 -12041.36 -12040.79

13 -10944.53 -10937.580

14 -10027.28 -10024.832

15 -9180.03 -9183.788

16 -8484.63 -8489.267

17 -7845.39 -7853.301

18 -7294.47 -7308.391

19 -6791.05 -6809.354

20 -6330.74 -6353.349

21 -5912.82 -5940.894

22 -5531.28 -5564.840

23 -5185.53 -5224.738

24 -4851.39 -4900.410

25 -4576.12 -4633.255
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Table 4-5 Normalized thrust comparison

Normalized Total Thrust Normalized Total Thrust
Mach Number One Parameter Two Parameter

Optimization Optimization

10 1.0000 1.0001

l1 1.0000 1.0000

12 1.0000 1.0000

13 1.0000 0.9994

14 1.0000 0.9998

15 1.0000 1.0004

16 1.0000 1.0005

17 1.0000 1.0010

18 1.0000 1.0019

19 1.0000 1.0027

20 1.0000 1.0036

21 1.0000 1.0047

22 1.0000 1.0061

23 1.0000 1.0076

24 1.0000 1.0101

25 1.0000 1.0125
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Table 4-7 Cowl length effects on thrust - Mach 20

Deflected Nozzle Wall Upper Cowl Lower Cowl Total Thrust
Cowl Length Thrust (N/m) Thrust (N/m) Thrust (N/m) (N/m)(m)

0.100 -6379.715 222.821 -6.146 -6163.039

0.154 -6750.217 406.062 -9.194 -6353.349

0.200 -6927.984 498.768 -11.875 -6441.091

e ~3

-2

2-4

7

4

0 5 10 1s 20 25

NrmmWtd Lenh (

Figure 4-1 Static pressure contours, cowl deflection = 0 deg
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Figure 4-3 Static pressure contours, cowl deflection -- + 5 deg
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Figure 4-4 Nozzle wall pressure distributions for cowl deflections at Mach 15

56



1.00040
E- Cowl Angles 2.8

VThrust 
2

1.00020 O
V

V 2.4
1.00000 v

o0.99980 v 2.0

E S0.99960 - 0
Z 1.6

00

0.99940
0b a 1.2

0 0 0

0.99920 a a

0.8

22.0 23.0 24.0 25.0 26.0

Nozzle Attach Angle

Figure 4-5 Normalized thrust at various nozzle/cowl configurations, Mach 15

57



I4

+1.18 deg cwl

5 10

Nozzl Wall I-Heght (y)

Figure 4-6 Nozzle wall pressure distribution for optimal nozzle/cowl

58



Thrust Angle

1.4000E+04 
\\

32

1.2000E+04 -

\ 01 Cr, 
24

1.00OOE+04 0
'S 'b- -0a

8.OOOOE+03 " 16

- Nozzle Attach Angle -o,,

6.0000E+03 - - Cowl Deflection Angle 8>

- -<a- - Thrust

4.OOOOE+03 •-- - ,- -"- -v--v -

• • -v v , ,I , . I... .* I , . I., . , 0
10.0 12.5 15.0 17.5 20.0 22.5 25.0

Mach Number

Figure 4-7 Two parameter optimization nozzle attach and cowl angle trends
over the trajectory

59



1.0120

1.0100

2 Parameter Optimization
- -10003rd Order Curve Rt

1 on the Parameters

1.0060

1.0040

1.0020

1.0000 --

10.0 12.5 15.0 17.5 20.0 22.5 25.0

Mach Nimber

Figure 4-8 Normalized thrust over the trajectory - two parameter optimization

60



V Conclusions and Recommendations

5.1 Conclusions

This study has shown that a nozzle and cowl geometry combination can be

optimized to produce maximum thrust performance for a hypersonic vehicle over a typical

trajectory. The present study has also shown that a positively deflected cowl is the main

cause of the thrust performance increase over an optimized nozzle with a straight cowl.

Additionally, the thrust performance increase is greater at higher Mach numbers.

The trend of the optimal nozzle and cowl configuration producing maximum thrust

was highly dependent upon the nozzle entrance pressure. The nozzle entrance pressure

and Mach number were the driving factors for the amount of initial expansion along the

circular arc which determined the nozzle attachment angle. The higher nozzle entrance

pressure combined with the lower Mach number caused the greater nozzle attachment

angle to expand the flow to free stream and vice versa.

The positively deflected cowl increased thrust performance by forming a pressure

rise in the nozzle flow field by the formation of a shock wave. The trade-off of increased

thrust on the nozzle wall and pressure drag on the upper cowl wall produced an increase

in total thrust for the nozzle/cowl configuration over the straight cowl configuration.

As the Mach number increases, the thrust performance of the two parameter

optimized nozzle/cowl configuration over the one parameter optimized nozzle increased.

With increasing Mach numbers, the Mach angle decreases, causing the influence of the

reflected expansion waves to move toward the aft portion of the nozzle wall. The area
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of the nozzle wall from the shock wave impingement point to the reflected expansion

wave impingement point increases with decreasing Mach angle. This increased area

causes the increased thrust performance of the two parameter optimized nozzle/cowl

configuration over the one parameter optimized nozzle.

5.2 Recommendations for Further Study

The data contained in this study are useful for trend analysis only since several

simplifications were made such as the vehicle geometry, the use of a one-dimensional

ramjet cycle program (since actual experimental data is scarce), and variable geometry

nozzle and cowl which exceeds mechanical systems in variation tolerance. With this in

mind, other trend analysis is needed to supplement the current work.

1. Optimization of the Cowl Deflection Angle and Length.

In the current study the length of the deflected cowl was varied for the purpose

of determining the effects of the deflected cowl on the flow field. In the investigation,

greater total thrust was produced by lengthening the deflected cowl. Although the thrust

was increased, the pitching moment of the nozzle also changed. To fully determine the

effect of the deflected cowl length, it is recommended that a two parameter optimization

using the cowl deflection angle and length be conducted maximizing total thrust along

with a limitation on pitching moment.

2. Optimization of the Cowl Deflection Angle and Position from the Nozzle
Entrance.

Since the deflected cowl has pressure forces acting on it, a structural load limit
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will apply to the cowl. With this load limit, the length of the deflected cowl is subject

to a limit. The position of the deflected cowl from the nozzle entrance could give a

greater range of variable geometry over the fixed position, variable length deflected cowl.

Therefore, it is recommended that a two parameter optimization with the cowl deflection

position and angle for a fixed nozzle contour be undertaken to maximize total thrust while

limiting the cowl wall forces.
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